Island-assisted interface alloying was observed during submonolayer deposition on Cr͑001͒ substrates at 525 K. Scanning tunneling spectroscopy suggests atomic interchange at the center of the islands during the early stages of growth, giving rise to a Cr core in the center of the island and a gradually increasing V concentration toward the island rim. The existence of a VCr alloy with equiatomic composition is concluded by comparing tunneling spectra measured at the island rim with density-functional theory calculations. Coalescence of the initial islands gives rise to inhomogeneous alloying at monolayer coverage. Antiferromagnetic coupling between the islands and the Cr͑001͒ substrate is found for coverages up to 0.50 atomic layers. At higher coverages, no magnetic contrast was observed.
I. INTRODUCTION
While interfaces between ferromagnetic and nonmagnetic metals have attracted considerable attention in the field of magnetism, the growth and magnetic polarization of nonmagnetic metals on antiferromagnets has remained largely unexplored. This is particularly surprising since proximity effects such as magnetic polarization of nonmagnetic elements, 1 interfacial alloying, 2 and interdiffusion 3 do not only play a significant role in the design of artificial superlattices with potentially novel properties but are also of fundamental importance in practical applications such as the use of the exchange bias effect in perpendicular magnetic recording media, 4 giant magnetoresistance sensors, 5 and random access memories. 6 Of special interest has been the V/Cr͑001͒ interface, which is still controversially discussed and has attracted considerable attention in recent years. [7] [8] [9] [10] [11] [12] [13] Both V and Cr are bcc 3d transition metals with approximately half-band filling. Cr exhibits antiferromagnetism along the ͗001͘ direction such that the ͑001͒ planes couple antiferromagnetically from layer to layer. It has been theoretically predicted that a single V layer on Cr would acquire an induced V moment of 2.1 B and should couple antiferromagnetically to Cr while at the same time drastically reducing the Cr magnetic moment at the interface. 7, 8, 12, 13 Indeed, Mibu et al. 10, 14 have provided experimental support for the reduction in the Cr magnetic moment at the interface using Mössbauer spectroscopy. Furthermore, recent neutron-scattering experiments have shown that proximity effects at Cr/V interfaces lead to the appearance of a 50 Å wide magnetically dead Cr layer near the Cr/V interface, the suppression of the spin-flip transition, and the stabilization of a single-domain spin-density wave ͑SDW͒ in Cr with out-of-plane spins and out-of-plane propagation wave vector. 9, 15 While the reduction in the Cr magnetic moment has been demonstrated experimentally, the magnetic state of V in contact with antiferromagnetic Cr͑001͒ remains unexplored and unclear. The observation of the V magnetic state at the interface with Cr͑001͒ is challenging since the magnetic moments of adjacent antiparallel layers compensate and cannot be detected with spatially averaging methods.
Here we present our experimental and theoretical studies to unravel the structural and magnetic properties of V islands deposited onto Cr͑001͒ substrates. By combining scanning tunneling microscopy ͑STM͒ and spectroscopy ͑STS͒ with density-functional theory ͑DFT͒ calculations we show that V growth on Cr͑001͒ at 525 K leads to island-assisted alloying between the substrate and the islands in contrast to the expected formation of a chemically abrupt interface. 9, 10, 14, 15 A radial concentration gradient can be observed during the early stages of growth with a high Cr concentration in the island center and a gradually increasing V concentration toward the island rim. Upon coalescence this gradient across the islands leads to a monolayer with inhomogeneous composition. We show that the islands are antiferromagnetically coupled to the Cr͑001͒ substrate at low coverage using spinpolarized STM ͑SP-STM͒. We find no magnetic contrast for coverages exceeding 0.5 atomic layers ͑AL͒ of V, possibly due to the quenching of the Cr spin-density wave in the surface near region.
II. EXPERIMENTAL
The experiments were carried out in an ultrahigh-vacuum system consisting of a preparation chamber for tip and sample treatment and an analysis chamber for surface characterization. A polycrystalline W tip was electrochemically etched ex situ and cleaned in vacuo by a high-temperature flash at T = 2200 K. Subsequently, e-beam evaporation of a thin Fe film from a carefully degassed Fe rod was performed onto the tip apex. Fe-coated tips are preferentially magnetized perpendicular to the tip axis, leading to sensitivity to the in-plane component of the samples surface magnetization. 16 Prior to the growth, the Cr͑001͒ single crystal was cleaned overnight by Ar + -ion etching at elevated temperatures ͑T Ϸ 1100 K͒ and subsequently annealed for 20-30 min at T = 1150 K. V was e-beam evaporated at an approximate rate of 0.3 AL/min on Cr͑001͒. The substrate deposition temperature during growth was 525 K, which reportedly leads to abrupt interfaces. 9, 10, 14, 15 In this study, V coverages ranging from 0.12 to 1.65 AL where explored. The SP-STM measurements were performed at 157 K using a STM system attached to the analysis chamber. The base pressure in the measurement system was in the low 10 −11 Torr range. The STS measurements were performed by adding a modulation voltage U mod =20 mV rms to the applied sample bias U and recording the dI / dU signal using lock-in techniques. Figure 1 shows topographic STM images of islands after the deposition of various amounts of V on Cr͑001͒. The coverages range from 0.12 to 1.65 AL. During the early stages of growth, nucleation of islands with monoatomic height is observed on the Cr͑001͒ substrate and close to the terrace edges. After further deposition, the island size coarsens until coalescence at coverages around 0.65-0.85 AL. Although the growth of V proceeds almost perfectly in a layer-by-layer mode, the nucleation of small second-layer islands was observed at coverages as low as 0.5 AL. The nucleation center of these second-layer islands occurred predominantly over the center of the supporting underlying monolayer islands. However, coarsening of these second-layer islands was found to be very slow while the first layer was yet not complete.
III. GROWTH MODE AND ISLAND-ASSISTED ALLOYING
STS has the ability to probe the local density of states ͑DOS͒ through dI / dU conductivity curves and allows the detection of potential chemical inhomogeneities across topologically homogeneous surface areas. Figure 2͑a͒ shows differential conductance curves measured on the substrate and at different positions on the island; the sample's average V coverage amounts to 0.09 AL ͓see Fig. 2͑b͒ for a topographic image͔. Within the smaller scan frame, shown in Fig. 2͑c͒ , a dI / dU spectrum has been measured at every pixel ͑0.25 ϫ 0.25 nm 2 ͒. The positions where the spectra of Fig. 2͑a͒ have been recorded are labeled consistently. The Cr͑001͒ substrate exhibits a single peak centered at U = −0.015 V which is well known for bcc͑001͒ surfaces. However, the physical origin of this state is still controversial. 17, 18 Originally interpreted as a d z 2-like surface state at energies close to the Fermi level, 19 an alternative explanation is an orbital Kondo resonance. 20 Although the exact nature of the electronic feature is unclear, it can serve as a characteristic marker for the presence of Cr. Interestingly, a single peak centered at U = −0.015 V was also found in the spectrum taken on the center of the island ͑see spectrum 1͒. This result suggests that the island center consists of Cr rather than V, possibly caused by interdiffusion. It is worth noticing that the vacuum DOS of a system consisting of a buried V layer in Cr was calculated and found to be very similar to the pure Cr͑001͒. For spectra taken at an increasing distance from the island center, the Fermi-level peak intensity decreases while a second peak initially centered in U = 0.6 V appears and gradually shifts to lower bias voltages ͑spectra 2-4͒. This second peak is predominant at the rim of the islands and it is found at U = 0.4 V. Previous reports have shown that the surface states features of Cr͑001͒ ͑Ref. 21͒ and V͑001͒ ͑Ref. 22͒ shift toward higher energies when impurities are incorporated into the lattice. In addition, a two-peaks feature found in the STS spectra of Fe/Cr systems has also been associated to surface alloying. 2, 23 At a first glance, our observations indicating interdiffusion between V and the Cr substrate are quite surprising since theoretical calculations find a segregation energy of −180 meV/ surface atom. 24 The negative energy suggests that a monolayer of V surface should be energetically stable on the Cr͑001͒. However, published experimental and theoretical data have been found to be inconsistent for other material combinations too, indicating possible fundamental problems with computing segregation energies for Cr and similar 3d metals. For example, for Fe on Cr an even larger negative segregation energy of −590 meV/ surface atom has been calculated. 24 In contrast, experimental data clearly show strong interdiffusion at similar deposition temperatures. 3, 23 In order to better understand the observed evolution in the spectra and the related composition of the islands, we have carried out vacuum DOS calculations using DFT within the generalized gradient approximation 25 and the full-potential linearized augmented plane-wave method.
26 Figure 2͑d͒ upper panel shows the DOS for a V monolayer relaxed on a 21 layer film of Cr͑001͒. Two characteristic peaks at −0.7 and 0.3 eV are found. These theoretical data are in contrast with our observation since no peaks were found in the STS spectra at negative bias. This rules out the presence of pure V and points to alloying in the present case. Figure 2͑d͒ lower panel shows the calculated DOS for a monolayer of equiatomic c͑2 ϫ 2͒ CrV alloy on Cr͑001͒, exhibiting a predominant peak at U = 0.4 V, similar to the one found at the rim of the islands. This corroborates island-assisted interface alloying where the island V concentration is negligible at the core and gradually increases as the radial distance increases up to equiatomic CrV alloy composition at the rim. This mechanism is in contrast with other reported interfacial alloying observed at Cr-Fe͑001͒ interfaces as in the latter case the observed process was interpreted as a distribution of single atomic Cr impurities dispersed in the Fe substrate. 2, 3 Nevertheless, similar findings have been reported for the twodimensional adisland-assisted surface alloying of Ni on Au.
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IV. MAGNETIC POLARIZATION: V/CR ANTIFERROMAGNETIC COUPLING
In order to investigate the magnetic state of the islands, SP-STM measurements were carried out using Fe-coated W tips. Depending on the bias voltage selected during the measurements, differential conductivity dI / dU mapping showed either magnetic or chemical contrast. For this experiment, magnetic contrast is obtained preferentially when small negative bias voltages are applied whereas chemical contrast is obtained for positive voltage, similar to previous reports using Cr͑001͒ substrates.
23,28 Figure 3 shows ͑a͒ the topography of a sample with 0.24 AL V coverage, and dI / dU maps measured at ͑b͒ U = +0.4 V and ͑c͒ U = −0.4 V, which exhibit chemical contrast and magnetic contrasts, respectively. Due to their higher differential conductivity close to the VCr peak position of +0.4 V, the chemical contrast image shows a lighter contrast for the islands, illustrating their position. The magnetization direction should alternate between adjacent terraces due to the topological antiferromagnetic order of the Cr͑001͒ terrace. 28 Indeed, alternating dI / dU intensities are observed in the spin-resolved image ͓Fig. 3͑c͔͒ due to spin-polarized electron tunneling between the magnetic tip and the Cr substrate. Furthermore, a clear contrast between islands on different terraces can be observed, with dark islands being found on bright terraces and vice versa. This clearly demonstrates magnetic polarization of the islands which is antiparallel to the underlying Cr substrate. We note that even though the islands exhibit chemical inhomogeneity, their magnetic contrast is largely constant, demonstrating that the Cr and V atoms in the alloy are coupled antiferromagnetically with the substrate, in agreement with the fact that a ferromagnetic coupling of the alloy layer with the substrate could not be stabilized in the calculations. Figure 4 shows spin-resolved dI / dU maps measured simultaneously with the topographic data shown in Fig. 1 . The bias voltage for all images was U = −0.4 V. Neighboring Cr terraces show an alternating intensity in the differential conductivity dI / dU at low coverages between 0.12 and 0.50 AL, in agreement with the well-known topological antiferromagnetic order of Cr͑001͒. 28 At the same time, a clear contrast between islands on different terraces for coverages up to 0.50 AL can be recognized. The radial contrast due to the coexistence of Cr-and CrV-dominated areas, best visible in the image showing 1.05 AL in Fig. 4 , remains at higher coverages. Evidently, the inhomogeneous composition observed in separate islands ͓cf. Figs. 2͑a͒-2͑c͔͒ is maintained even after coalescence of the islands. Thus, we found evidence for a new alloying mechanism which originates from atomic interchange during the initial stages of island growth followed by island coalescence with no significant composition modification at higher coverages. For these higher coverages, however, the magnetic contrast on both the terraces and the islands starts to vanish. This is consistent with previous studies where the onset of a magnetically dead layer close to the Cr/V interface was observed 9, 10, 14, 15 in thick enough V films. This fact is attributed to the Cr-V interface hybridization, which causes a short-range suppression of the SDW magnetism near the Cr/V interfaces, leading to pinning of SDW nodes at the interfaces, as theoretically predicted.
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V. CONCLUSIONS
Our complete experimental and theoretical study using STS, SP-STM, and band theory applied to submonolayer V deposited on Cr͑001͒ substrates at 525 K reveals an islandassisted alloying process during the early stages of growth. Initially, the islands exhibit a radial Cr-V concentration gradient. Subsequent growth leads to coalescence giving rise to islands with heterogeneous alloy composition. At low coverage, the alloy islands are antiferromagnetically coupled with the Cr͑001͒ substrate. The reported island-assisted growth mode opens a frontier in the fundamental understanding of the alloying process in metallic interfaces in general, and particularly in the growth mode and magnetic state of nonmagnetic metals on antiferromagnetic interfaces during the early stages of growth. 
